INTRODUCTION
We have investigated the effect of carbon content on the nonlinear ultrasonic parameter f3 and the longitudinal phase velocity VL in a series of martensitic steel specimens.
The specimens were measured in the as-quenched state to insure that the carbon was present primarily as an interstitial in the martensite. Experimentally, f3 increased with increasing mass percent carbon (or hardness), while VL remained virtually the same for all specimens.
Therefore we conclude that f3 is sensitive to microstructural variations between the specimens, but VL is not. X-ray diffraction experiments indicate that the dislocation density in the specimens is high ('" 1Ol! Icm 2 ) and increases with increasing carbon content. These results support the hypothesis that the observed increase in f3 may be attributed to dislocations affected by internal stresses in the quenched specimens.
SPECIMEN PREPARATION
Three different types of steel stock (9310, 4320, and 4340) were used to fabricate the specimens for our experiments. The primary difference in composition between the steels was the measured mass percent of carbon: 0.l0% (9310), 0.l8% (4320), and 0.40% (4340). Specimens ranged in cross section from 30 x 30 to 60 x 60 mm and were approximately 19 mm thick. The specimens were prepared by "soaking" them at approximately 100°C above their critical temperature, that is, the temperature at which ferrite first begins to form from austenite upon cooling. The soaking temperatures were 900 °C for the 9310 steel, 885 °C for the 4320 steel, and 870°C for the 4340 steel. The specimens were soaked for one hour and then rapidly quenched to room temperature by immersion in an agitated water bath with an approximate cooling rate of 100 °C/s. This process was intended to achieve a martensitic microstructure in which the chief difference was the variation in amount of interstitial carbon. Measurements were performed on the specimens in the resulting as-quenched state.
The Rockwell C hardness (RHC) was determined for each specimen. Measurements were made in several locations through a cross section of each specimen, and the average hardness was computed. Since individual values varied by only the measurement uncertainty Contributions of NIST are not subject to copyright.
(±1 RHC), we concluded that the hardness of each specimen was uniform. The measured hardness values were 39.0 RHC (9310 steel), 43.5 (4320 steel), and 57.5 RHC (4340 steel). A plot of hardness as a function of mass percent carbon (not shown) revealed that the hardness increased monotonically with carbon content.
Specimen microstructure was examined using a light microscope at 1000X magnification. The micrographs, which are shown in Fig. 1 , reveal that all three specimens possessed a lath martensite structure, uniformly sized throughout each specimen. The average martensite packet length varied from specimen to specimen, but ranged between 5 and 20 p.m for all specimens. The micrographs also indicate little or no evidence of retained austenite or second-phase formation.
ULTRASONIC PROPERTIES Longitudinal Velocity
The longitudinal phase velocity VL was measured in each specimen using an immersion, pulse-echo superposition technique with an estimated uncertainty of ±0.1 %.
The experimental values for VL in the three as-quenched specimens are plotted versus hardness in Fig. 2(a) . The figure reveals that VL was nearly identical for all specimens. Minor differences in velocity slightly larger than the experimental uncertainty were measured, but no consistent trend with hardness was observed.
Nonlinear Ultrasonic Parameter
Values for the nonlinear ultrasonic parameter {3 for these specimens were obtained through harmonic-generation experiments. In the experiments, longitudinal tonebursts at the fundamental frequency wo = 271" X 10 MHz were generated by a piezoelectric transducer bonded to one side of the specimen. The transmitted ultrasonic waves detected on the other side of the sample contained a component of amplitude Al at WO, a component of amplitude Az at the second harmonic frequency 2wo, and so on. The displacement waveforms were detected using a path-stablized Michelson interferometer (laser wavelength A = 1064 nm).
Our interferometric detection techniques have been described in detail elsewhere [1] . This method allows the absolute ultrasonic displacements to be determined, since the displacements are related directly to the precisely known laser wavelength. The detected waveforms were digitally filtered to obtain the components Al and Az.
Given the fundamental and second-harmonic amplitudes, the magnitude of the nonlinear parameter {3 was determined through the relationship [2] {3 -8vrAz
where z is the sample thickness. For each specimen, several different amplitude pairs
(1) (AI, Az) were obtained by using stepped attenuators to vary the input power. The slope of the line Az vs. Ai was then calculated and used with Equation (1) to obtain the value for {3 in the specimen. (In these experiments, Al ~ 2-6 nm.) Next, a correction factor which accounts for diffraction of the fundamental and second-harmonic waves [1] was calculated for each specimen. The experimental values were multiplied by these factors to obtain the final values of {3. 
hardness (Rockwell C)
1.20 (3 varied markedly from specimen to specimen. Values for (3 were observed to increase monotonically with hardness. As discussed above, this is equivalent to a monotonic increase with carbon concentration. For example, an increase of 11 % from the 0.1 % C to the 0.4% C specimen was measured. What are the possible causes for the increase in (3? One microstructural difference between specimens is the extent of tetragonal distortion. With increasing carbon content, the martensite lattice is expected to become increasingly more tetragonal [3] . X-ray diffraction experiments (described in more detail below) which measured the lattice parameters a and c in these specimens confirm this behavior. We have performed calculations based on previous theoretical work [4, 5] to estimate the effect on VL and (3 of a lattice strain {induced by the tetragonal distortion. The predicted change in VL is linear with { and has approximately the same magnitude. Therefore, strains smaller than { '" 10-3 would change VL by approximately the experimental uncertainty (or less), which is consistent with experimental results. However, accurate calculations of the corresponding change in (3 require knowledge of the second-, third-, and fourth-order elastic stiffness moduli. Without more information about ClIlI and C1Il2, we cannot predict the magnitude of the effect Nonetheless, it appears likely that for strains less than { '" 10-3 , the tetragonal distortion would increase (3 by less than one percent -much less than the experimental results.
DISCUSSION
Another microstructural feature of as-quenched steels which could affect nonlinear measurements is the presence of dislocations. Hikata and coworkers [6] showed that second-harmonic generation in single-crystal aluminum was sensitive to dislocations in combination with applied stresses or internal stresses created by plastic deformation. This work developed a model for second-harmonic generation by bowed-out dislocations which included such parameters as the second-order elastic moduli, the dislocation loop length L and the dislocation density N. In the model, the dislocation contribution to (3 was proportional to N L4. The strong dependence of (3 on L was used to explain why the effect, which was quite prominent in single-crystal aluminum, was not observed in polycrystalline aluminum. Therefore, Hikata and coworkers surmised that in the polycrystalline material, L was too short for dislocations to noticeably affect (3. In the as-quenched steel specimens, however, the diminishing effect of small L could be overcome by an extremely high value of N. Typical estimates of the dislocation density of as-quenched martensite lie in the range 10 1I _10 12 /cm2 [3, 7] . It is possible that internal stresses present in our steel specimens could cause dislocations to generate second harmonics and thus affect (3. We have made order-of-magnitude estimates based on the equations of Hikata et al., using realistic values of dislocation and material parameters. The estimates indicate that dislocation-stress interactions could generate sufficient second harmonics to increase (3 by observed amounts. To further investigate the possibility of a dislocation contribution to {3, we have performed x-ray diffraction measurements on the steel specimens. Diffraction line-broadening analysis [8] can be used to quantify structural defects related to both size (stacking and twin faults, low-and high-angle boundaries) and strain (dislocations and point defects). Observed x-ray diffraction patterns were modeled with a Rietveld-refinement program [9, 10] . The refined lattice parameters changed with increasing carbon content in accord with previously published studies [11] . In addition, line broadening in all three specimens was substantial. The Rietveld refinement of isotropic line-broadening parameters showed that size-related effects caused negligible broadening (estimated size of coherently diffracting domains was greater than approximately 300 nm). However, the strain-induced broadening was large, with strains in the range 3-4.5 x 10-3 • In metals and metallic alloys such as steels, dislocations are the dominant source of diffraction line broadening. Using the assumption of minimum interaction between dislocations, the dislocation density N can be obtained from the specimen strain f through the relationship [12] ( 2) where b is the Burgers vector (assumed to be equal to the lattice parameter a) and the constant k = 14.4 assuming b II [111] . Values for N obtained from Equation (2) are given in Table 1 and plotted as a function of specimen hardness in Fig. 3 .
The x-ray results indicate that, as suspected, N is very large in these specimens -in the range from 1 to 4 x 1011 /cm 2 • In addition, the results reveal that N increases monotonically with hardness or carbon content in the specimens. This finding is in agreement with previous work [7] which examined hardness mechanisms in as-quenched martensite. In that work, a similar relationship between the dislocation density and the carbon content was demonstrated. If this behavior is taken into account in the model of Hikata et al. [6] , increases in {3 of approximately the observed amount can be predicted.
CONCLUSIONS
We have evaluated the ultrasonic properties of as-quenched steel specimens in which the carbon content was varied. High-precision measurements revealed virtually no change in the longitudinal phase velocity VL. In contrast, the nonlinear ultrasonic parameter f3 changed noticeably from specimen to specimen. A monotonic increase in f3 with increasing hardness over the range from 39 to 57.5 HRC (0.1 % to 0.4% C) was observed. We currently believe that this behavior is due to large numbers of dislocations affected by internal stresses. X-ray diffraction measurements indicated an increase in dislocation density with carbon content, which could account for the effect. We are continuing work in order to develop a more systematic understanding of the microstructural mechanisms which account for the observed behavior.
